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Abstract. Lead poisoning has been extensively studied over
the years. Many adverse physiological and behavioral impacts
on the human body have been reported due to the entry of this
heavy metal. It especially affects the neural development of
children. The current study investigates the effect of lead
exposure in young (1.5 months) and adult (10 months) male
Fisher 344 rats. Five weeks of lead administration resulted in a
profound change in the lead levels in the red blood cells
(RBCs) of the young lead-exposed group (37.0  4.47 g/dl)
compared to the control (1 g/dl) and adult (27.4  8.38
g/dl) lead-exposed groups. Therefore, this study conﬁrms the
fact that gastrointestinal absorption of lead in young is greater
than that of adults. Furthermore, glutathione and glutathione
disulﬁde (GSSG) levels in RBCs, liver, and brain tissues were
measured to determine thiol status; malondialdehyde (MDA)
levels of lipid peroxidation and catalase activity were measured
to assess changes in oxidative stress parameters. Liver GSSG
and MDA levels were signiﬁcantly higher in the young lead-
exposed group than those in the adult lead-exposed group. In
RBCs and brains, however, adult lead-exposed animals have
shown more elevated MDA levels than young animals exposed
to the same lead treatment.
Lead, a well-known environmental toxin, has been used since
ancient times. Today, this heavy metal is primarily found in
leaded gasoline, paint, house dust, and some industrial prod-
ucts, such as glazes, coloring for ceramics, hose, and pipes
(Tong et al. 2000; Srianujata 1997). Although in many devel-
oped countries lead has been eliminated from paint and gaso-
line, citizens of big cities still have bigger risk of environmen-
tal exposure to lead than do inhabitants of rural areas
(Srianujata 1997). For adults, acute occupational lead poison-
ing is becoming a less important issue due to better working
conditions and signiﬁcant improvements in protective stan-
dards (Kazantzis 1989). However, for younger individuals
lead-based paint is the most signiﬁcant source of exposure to
this metal, particularly in low-income families (Fisher and
Vessey 1998). In the United States, more than 70% of the
houses built before 1978 have lead-based paint on their interior
and exterior walls. Considering the poor maintenance of low-
income houses, ingestion of lead-containing paint ﬂakes is
creating a high risk for the children in those homes. Replacing
the paint causes even bigger problems because it is almost
impossible to remove the lead from house dust after these
houses are renovated (Knestrick and Milstead 1998; Amitai et
al. 1991).
Lead induces a wide range of physiological, biochemical,
and behavioral dysfunctions. It mainly interferes with the heme
biosynthesis and central nervous system (CNS), especially
during the early stages of a child’s development (2–3 years
old). Chronic low-level lead exposure during this period re-
duces the IQ levels signiﬁcantly, and, unfortunately, most of
the neurobehavioral impacts are irreversible (Fisher and Ves-
sey 1998; Needleman 1990). It is also believed that the greater
absorptive capacity of the gastrointestinal tracts of children
puts them a higher risk group than adults. After absorption, the
thiol group of hepatic glutathione (GSH), especially, reacts
with lead and helps eliminate this toxic metal from the body.
Moreover, it has been found that GSH levels in erythrocytes
are lower in people who have high levels of lead in their blood
(Clarkson 1978; Miller 1998). These facts have initiated new
investigations to explain the mechanism behind lead toxicity.
Recent studies have indicated that reactive oxygen species
(ROS) play an important role in the pathophysiology of lead
poisoning (Gurer and Ercal 2000). In this study, we used two
different age groups of Fisher 344 rats, which may represent
adult workers in lead-related industries and young individuals,
to determine whether blood lead levels signiﬁcantly differ after
exposing them to 2,000 ppm lead acetate in drinking water for
5 weeks. All other parameters that can affect lead absorption,
such as sex, diet, level, and time of exposure were kept con-
stant. The effects of lead on oxidative stress parameters in these
young and adult rats were also determined and discussed.
Materials and Methods
N-(1-pyrenyl)-maleimide (NPM), 1,1,3,3-tetramethoxypropane, and
2-vinyl pyridine were purchased from Aldrich (Milwaukee, WI). All
other chemicals were obtained from Sigma (St. Louis, MO). HPLC- Correspondence to: N. Ercal; email: nercal@umr.edu
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malondialdehyde (MDA) analyses.
Animals
All experiments were performed with young (1.5 months old) and
adult (10 months old) male Fisher 344 rats. The animals were housed
in stainless steel cages in a temperature-controlled room (22°C), with
a 12 h light:dark cycle, and were allowed access to standard rat chow
(Purina) and water ad libitum throughout the experiment. Control
groups were given standard rat chow and water for 6 weeks, whereas
the experimental groups received 2,000 ppm lead (as lead acetate) in
their drinking water for 5 weeks. During the sixth week, these groups
received plain water. At the end of the sixth week, the animals were
anesthetized following overnight fasting, and blood samples were
collected with lead-free needles via intracardiac puncture. Liver and
brain samples were then obtained and kept at 70°C until assayed.
GSH-GSSG Determinations
GSH concentrations were determined by using the method developed
by Winters et al. (1995). Brieﬂy, tissue samples were homogenized in
serine-borate buffer (100 mM Tris-HCl, 10 mM boric acid, 5 mM
L-serine, 1 mM DETAPAC, pH 7.4). Red blood cells (RBCs) and
tissue homogenates were derivatized with 1.0 mM NPM in acetoni-
trile. The samples were incubated for 5 min then acidiﬁed with 2 N
HCl. The derivatized samples were ﬁltered through a 0.2-m acrodisc
ﬁlter and injected onto a 5-mC 18 column (Column Engineering,
Ontario, 100  4.6 mm) in a reverse-phase HPLC system. The GSH
assays were performed with a Shimadzu HPLC system made up of a
model RF-535 spectroﬂuorometer (330 nm excitation, 380 nm emis-
sion) and a model SCL-10A system controller. Quantitation of the
peaks was performed with a Shimadzu model CR601 Chromatopac.
The mobile phase consisted of 30% water and 70% acetonitrile, with
1 ml/L acetic acid and 1 ml/L phosphoric acid. The samples were
eluted isocratically at a ﬂow rate of 0.5 ml/min.
In GSSG determinations, RBCs or tissue homogenates were incubated
f o r1ha troom temperature with 2-vinylpyridine (in absolute ethanol) to
block the thiol group of GSH already present. NADPH and glutathione
reductase were introduced to reduce GSSG. The samples were then
derivatized with 1 mM NPM. Following 5 min incubation at room
temperature, the reaction was stopped by adding 2 N HCl. The GSH-NPM
adduct was then measured according to the HPLC method described.
MDA Determination
The samples were analyzed according to the Draper method (Draper et
al. 1993) with the following modiﬁcations: 250 l RBCs and tissue
homogenates in serine-borate buffer were added to 650 l 10% tri-
chloroacetic acid and 100 l 500 ppm butylated hydroxytoluene in
methanol. The sample was heated in a boiling water bath for 30 min
and then cooled on ice. After centrifugation for 10 min at 1,000 g, the
supernatant was reacted 1:1 (v/v) with saturated 2-thiobarbituric acid
(TBA); the sample was again heated for 30 min and then cooled on ice.
To facilitate phase separation, 500 l of the sample was extracted with
1.0 ml n-butanol and centrifuged at 160 g for 5 min. The supernatant
was then ﬁltered through a 0.45-m acrodisc ﬁlter and injected onto a
reverse-phase 3 mC 18 column (Astec, Whippany, NJ; 250  4.6
mm). The mobile phase used was 30% acetonitrile, 69.4% phosphate
buffer (5 mM, pH  7.0), and 0.6% tetrahydrofuran. The reaction
mixture was eluted from the column isocratically at a ﬂow rate of 1
ml/min. An RF-535 spectroﬂuorometer (515 nm excitation, 550 nm
emission) was used to detect the TBA-MDA adduct.
Catalase Activity Determination
The activity of tissue catalase was determined spectrophotometrically
(Aebi 1984), based on the disappearance of 10 mM H2O2 at 240 nm in
the presence of catalase.
Protein Determination
The Bradford method was used to determine the protein content of the
tissue samples using concentrated Coomassie Blue (Bio-Rad) on op-
tical density determinations at 595 nm (Bradford 1976). A standard
curve using bovine serum albumin was constructed. The homogenized
tissues were subject to appropriate dilutions before protein was deter-
mined.
Blood Lead Determinations
Lead concentrations in blood were determined by graphite furnace
atomic absorption spectroscopy (Varian SpectrAA) by the CDC-cer-
tiﬁed analytical laboratory at the Springﬁeld-Greene County Depart-
ment of Health (Springﬁeld, MO).
Statistical Analysis
Tabulated values represent mean  SD of three to ﬁve animals.
One-way analysis of variance (ANOVA) test was used to analyze the
data from experimental and control groups. p-values  0.05 were
considered signiﬁcant.
Results
Table 1 contains the lead levels in the blood of the control and
experimental groups, as well as the oxidative stress parameters
of RBCs. Blood lead levels were profoundly elevated with the
lead treatment. There was also a signiﬁcant difference (p 
0.05) in the blood lead levels between the young and adult
lead-exposed groups. GSH and GSSG values of the RBCs
showed signiﬁcant differences between the adult lead-exposed
rats when compared with the corresponding control group. The
same trend can be seen in the GSH values of the young
lead-exposed group and the young control group; however, the
difference is not statistically signiﬁcant. In addition, data for
GSSG in RBCs indicates that there is also a considerable
difference between the young and the adult lead-exposed rats
(p  0.05). MDA was used as the main criteria for lipid
peroxidation, and it was found that lead increased the lipid
peroxidation in RBCs compared to control groups (p  0.005).
The difference between lead-exposed young and adult rats in
MDA levels appeared to be statistically signiﬁcant (p  0.05).
The effects of lead exposure on liver and brain oxidative stress
parameters are summarized in Table 2. Lead treatment caused
signiﬁcant decreases, both in liver (p  0.005) and brain (p 
0.05) GSH levels for young and adult lead-exposed groups when
418 N. Aykin-Burns et al.compared with their control groups. Moreover, in liver tissues, the
GSH levels were lower in the young lead-treated groups than
those in the adult lead-treated groups (p  0.005). GSSG levels in
all samples (liver, brain, and RBCs) were higher in lead-exposed
groups compared with their controls. In RBCs, GSSG levels in old
lead-exposed group were signiﬁcantly higher than those of the
young lead-exposed group (Table 1). In the livers, GSSG levels
were signiﬁcantly lower in the old lead-exposed group compared
to the young lead-exposed group (Table 2). There was no differ-
ence between GSSG levels in the young lead-exposed and the old
lead-exposed brain samples (Table 2). Lipid peroxidation was
signiﬁcantly induced by lead administration in both tissues and in
both age groups compared to their controls (p  0.005). Differ-
ences in the MDA levels in the livers (p  0.05) and brains (p 
0.005) of the lead treatment groups of young and adult rats were
also found to be statistically signiﬁcant, but lipid peroxidation
appeared to be higher in the brains of the adult lead-exposed rats.
From the same table, catalase activity data in liver tissue can be
obtained. This antioxidant enzyme showed an elevated activity
only in the liver of the young lead-exposed group when compared
to its control (p  0.05). Brain catalase activity was found to be
undetectable.
Discussion
Lead, a ubiquitous environmental toxin, has detrimental effects
on biological systems, including the CNS, kidneys, hemato-
logic, and reproductive systems. Because lead has been re-
moved from many products and governments have exhibited
maximum care in the working environments of lead-related
industries, occupational exposure to lead of adults today is not
as signiﬁcant an issue as is the exposure of children to lead in
the environment (Tong et al. 2000). Children of low socioeco-
nomic-level families are a higher risk group for lead poisoning
due to poor nutrition and inferior housing conditions, even in
developed countries. Many researchers studying lead toxicity
in children have suggested that gastrointestinal absorption of
lead is higher in children than in adults because of the natural
curiosity of children to taste everything and their partially
developed systems, which make them more vulnerable to the
deleterious effects of lead poisoning (Mushak 1992; Tong and
McMichael 1999). The lead levels in blood obtained from the
young and adult rats in our study afﬁrm that lead absorption at
younger ages is much higher than that of adults. Because age
was the only parameter in this experiment, the efﬁcient absorp-
tion of this heavy metal in children appears to be the most
important factor in childhood plumbism.
Although lead poisoning has been studied for years and vast
amounts of data have been published so far, some of the toxic
effects of lead still cannot be explained (Ratcliffe 1981). It is
well known that lead has a very high afﬁnity for thiol groups
and therefore decreases GSH levels (Gurer and Ercal 2000).
The body, which has lost this tripeptide natural antioxidant,
becomes more easily conquered by ROS. The results from the
present study also support the idea of ROS as a possible
contributor to the pathogenesis of lead poisoning. First of all, in
RBCs and all tissues have been analyzed, GSH levels of
Table 1. Blood lead levels and selective oxidative stress parameters of red blood cells in lead-exposed Fisher 344 rats
Blood Lead Levels
(g/dl)
GSH
(nmol/mg protein)
GSSG
(nmol/mg protein)
MDA
(nmol/100 mg protein)
Young control 1 29.3  0.07 12.8  1.18 35.6  3.86
Young lead-exposed 38.8  2.50 25.9  2.16 18.9  2.36
a 61.6  7.96
b
Old control 1 33.3  2.05 15.4  2.97 44.5  1.73
Old lead-exposed 21.7  2.88
c 25.8  2.45
b 21.2  2.64
b,c 81.2  6.69
b,c
a p  0.05 compared to corresponding value for control group.
b p  0.005 compared to corresponding value for control group.
c p  0.05 compared to corresponding value for young group.
Table 2. Effect of lead exposure on liver and brain oxidative stress parameters in Fisher 344 rats
Tissue Group
GSH
(nmol/mg protein)
GSSG
(nmol/mg protein)
MDA
(nmol/100 mg protein)
CAT
(units/mg protein)
Liver Young control 36.5  1.36 11.4  0.56 10.7  0.59 0.29  0.02
Young lead-exposed 11.9  0.61
b 18.7  1.86
b 17.7  1.20
b 0.35  0.03
a
Old control 35.2  1.90 11.1  0.03 11.8  0.46 0.32  0.02
Old lead-exposed 14.1  1.08
b,d 15.5  3.30
a,c 15.2  0.93
b,c 0.32  0.03
Brain Young control 23.6  1.55 4.8  0.43 10.5  0.35 ND
Young lead-exposed 19.5  1.79
a 7.0  0.66
a 17.6  0.52
b ND
Old control 21.9  0.92 4.9  0.30 13.3  0.14 ND
Old lead-exposed 14.8  1.04
a,d 7.2  0.32
b 22.4  0.90
b,d ND
a p  0.05 compared to corresponding value for control group.
b p  0.005 compared to corresponding value for control group.
c p  0.05 compared to corresponding value for young group.
d p  0.005 compared to corresponding value for young group.
ND, nondetectable.
Oxidative Effects of Lead in Rats 419lead-treated groups were found to be lower than the control
groups (Tables 1 and 2). Even though GSH in brain and liver
tissues of the young and the adult lead-exposed groups were
signiﬁcantly different, only the liver tissue GSH levels of the
young lead-exposed group were lower than those in adult
lead-treated group (Table 2). Consequently, GSSG levels in all
samples appeared to be higher in lead-exposed groups com-
pared with their controls (Tables 1 and 2). Although GSSG
levels in the brains of the lead-exposed groups were also higher
than in the control groups, there was no statistically signiﬁcant
difference between the treatment groups of the young and the
adult animals (Table 2). Under oxidative stress, GSSG is re-
duced to GSH by glutathione reductase (GR), an indirect
component of the antioxidant defense system. It was suggested
that lead inhibits GR by attacking the disulﬁde group on the
active site of this enzyme (Sandhir and Gill 1995). The ele-
vated GSSG levels identiﬁed in this study also conﬁrm that
lead interferes with the antioxidant status in vivo.
Many in vitro and in vivo studies have showed that MDA
increases with lead treatment (Yiin and Lin 1995; Shaﬁg-ur-
Rehman et al. 1995). Our results also indicated that lipid peroxi-
dation is ampliﬁed in livers and brains after exposure to lead
(Table 2). Lipid peroxidation was determined by measuring the
MDA levels. This increase in MDA was observed even more
profoundly in RBCs (Table 1). The last oxidative stress parameter
investigated in this study was catalase activity as a measure of the
antioxidant enzyme level. The protective effect of this enzyme
comes from its scavenging ability of superoxide and hydrogen
peroxide (Cerruti et al. 1988). A signiﬁcant increase in catalase
activity was only obtained in the liver tissue of young lead-
exposed rats with respect to the young control group.
The goal of this study was to examine some of the effects of
lead exposure on two different age groups of Fisher 344 male rats.
From the results discussed, it is concluded that lead induces
oxidative stress, mainly by disturbing the antioxidant defense of
the body. In young lead-exposed animals, lead-induced oxidative
stress was more pronounced particularly in the liver tissue, which
is the main target for xenobiotics. Furthermore, this study also
conﬁrmed the fact that gastrointestinal absorption of lead in young
is greater than that of adults, because blood lead levels were
signiﬁcantly higher in young rats than older ones after the same
amount of lead exposure.
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